Cereal Chem. 83(6):636-640 Cooked rice quality is based on a number of factors including texture. Texture and structure of foods are closely related and aspects of the relationship can be explored by correlating compression measurements to structural observations of the compressed material. To obtain compression measurements, single cooked, milled rice grains were compressed in a texture analyzer to a specific percentage (% compression) of the original grain; the uncompressed grain is 0%. The experiment, using single grains in each case, was repeated multiple times. Compression percentages of 20. 30, 40, 50. 60, and 70% were measured against a constant resistance force in the texture analyzer. Structures of cooked rice grains at the various compression levels were compared by brightfield and fluorescence microscopy. The outside of an uncompressed, intact, cooked rice Rice (Oryza tan ya L.) is generally consumed as cooked white rice where the exterior of the grain has been removed by abrasion milling (Zhou et al 2002) but the grain is otherwise intact. Cooking and eating quality of rice is based on physicochemistry and apparent amylose content (Zhou et al 2002) and protein (Okadome et al 2002) which, in turn, affect texture. Texture has been related to the inner structural changes of the interior of cooked rice grain (Horigane et al 1999) . The rice grain interior consists mostly of starch but also contains endosperm cell walls that contribute to cooked rice texture. Shibuya and Iwasaki (1984) illustrated the effect of cell walls on texture by treating raw rice grains with cellwall-degrading enzymes, cooking the rice, and then measuring the cooked rice texture. The partial cell wall degradation induced by enzymatic pretreatment softened the cooked rice grains and made them more sticky. Rice grain structure changes drastically during cooking, as documented in both waxy and nonwaxy rice cultivars (Wood et al 2001) . During the initial stages of cooking, individual starch granules imbibe water and swell. As cooking progresses, starch granules gelatinize, although not all starch granules in a grain may be gelatinized. The extent of gelatinization depends on available water and local temperature. All of the above mentioned factors, including cell wall integrity, type of starch, and starch gelatinization, plus other characteristics lend texture to rice grains.
Rice (Oryza tan ya L.) is generally consumed as cooked white rice where the exterior of the grain has been removed by abrasion milling (Zhou et al 2002) but the grain is otherwise intact. Cooking and eating quality of rice is based on physicochemistry and apparent amylose content (Zhou et al 2002) and protein (Okadome et al 2002) which, in turn, affect texture. Texture has been related to the inner structural changes of the interior of cooked rice grain (Horigane et al 1999) . The rice grain interior consists mostly of starch but also contains endosperm cell walls that contribute to cooked rice texture. Shibuya and Iwasaki (1984) illustrated the effect of cell walls on texture by treating raw rice grains with cellwall-degrading enzymes, cooking the rice, and then measuring the cooked rice texture. The partial cell wall degradation induced by enzymatic pretreatment softened the cooked rice grains and made them more sticky. Rice grain structure changes drastically during cooking, as documented in both waxy and nonwaxy rice cultivars (Wood et al 2001) . During the initial stages of cooking, individual starch granules imbibe water and swell. As cooking progresses, starch granules gelatinize, although not all starch granules in a grain may be gelatinized. The extent of gelatinization depends on available water and local temperature. All of the above mentioned factors, including cell wall integrity, type of starch, and starch gelatinization, plus other characteristics lend texture to rice grains.
Texture has been measured using sensory analysis and NIR (Windham et al 1997) , compression deformation (Okabe 1979) , and texture profile analysis (Champagne et al 1998) . These methods have been used to correlate different types of measurements as well as to define or predict quality of cooked rice. Although cooking changes rice structure, exactly how the structural changes are related to the other quality parameters of cooked rice is as yet undetermined. This research focuses on correlating textural and structural meastiremeills in cooked rice. In previous 's orks. ss e SHA. ARS, Veoe,-n Regional Rcearch Center, 500 Buchanan Si.. Alhw,, CA 94710. Names are necessary to report factually on available data; however, the USDA neither guarantees nor warrants the standard of the product, and the use of the name by the USDA implies no approval of the product to the exclusion of others that may also be suitable. This article is in the public domain and not copyrightable. It may be freely reprinted with customary crediting of the source. AACC International, Inc., 2006.
CEREAL CHEMISTRY
grain is swollen and distorted while the interior has three or more oddshaped holes (voids). Each void is largest in the center of the grain and decreases in size toward the peripheral edges becoming fine cracks toward the outermost portion of the void. The voids tended to increase in area up to 40% compression and then decrease in area upon further compression. Percent compression versus resistance force was a curvilinear relationship. With increasing % compression, cell shapes became increasingly more rounded, although there wasn't much effect on the integrity of cell walls with increasing % compression. The degree to which grain structure changed during the various compression tests, combined with the curvilinear behavior of resistance force versus % compression, indicates that the voids and cell walls have an effect on texture.
developed a method for sectioning intact rice grains using tape (Ogawa et al 2001 (Ogawa et al , 2002a (Ogawa et al , 2002b (Ogawa et al . 2003a ). The tape-sectioning technique was then employed to observe the structure of cooked rice grains (Ogawa et al 2003b) . In this article, we report on structural changes occurring in cooked rice using compressionresistance force to show how texture and structure are related.
MATERIALS AND METHODS
Milled, nonwaxy, medium grain rice (Enriched Calrose Rice, packed by Safeway. Inc., Pleasanton, CA) was purchased at a local supermarket in Albany, CA, in 2002.
Cooking
The experimental cooking method for limited quantities of rice grain originally developed by Batcher et al (1956) using 8 g of milled rice was modified and employed for preparing the rice samples. An additional soaking step before cooking was added to the Batcher method to bring the grains to equivalent moisture contents so that they would cook evenly. A precook soak is also customary in Japan and used by Japanese researchers (Okabe 1979; Okadome et al 2002) . Approximately 2 g of milled rice was soaked in water at 21°C for 30 min and drained on filter paper for 2 mm. The soaked, milled rice was placed into a 20-mesh wire basket (3 x 3 x 3 cm) that was then lowered into 500 mL of boiling water. After 20 mm, the wire basket with rice was removed and cooled in 500 mL of water at 21°C for 30 sec. The cooked and cooled rice was removed from the wire basket and drained on filter paper for 2 mm.
Sample Compression
A texture analyzer (TA-XT2, Texture Technologies Corp., Scarsdale, NY) was used to compress cooked, milled rice grains and to measure the resistance force against a fixed amount of compression. The % compression is based on sample thickness as determined by the texture analyzer to be the distance between the plunger and base plate at the initial point of contact of the sample on the base plate and the plunger. For each experiment, a single rice grain was placed on its lateral side (considering the embryo [or germ] side as ventral; the opposite of the germ side as dorsal, and the other two sides as lateral) on the base plate of the texture analyzer. The initial point of contact was defined as 0%. When the base plate and the plunger meet (without a sample, at zero distance), the measurement was defined as 100% compression. The distance of compression was converted to % compression (Fig. 1) to equalize rice grain thickness. Each sample was compressed to a specified amount using a trigger force of 0.1 N. Compression levels were set at 20, 30, 40, 50, 60. and 70%. Measurements of cooked rice were taken from three different cooks for each compression setting and the maximum resistance force was averaged. Each cook included z15 individual kernels; thus, the experimental protocol included three replicates of 15 subsamples. The purpose of the compression was to determine what happens to cooked rice grain structure during crushing such as what would occur as rice is chewed. Of course, this research does not take into account shear forces that are also a component of chewing.
Statistical Analysis
To examine how resistance force changes as % compression is increased, we modeled the relationship with regression. However, variation among rice kernels of resistance force increased with increasing compression. This heterogeneity of variance would invalidate a standard regression technique. A log transformation could have been used to correct for the heterogeneity of variance, but this technique was rejected as it would have altered the shape of the desired function.
Thus, a weighted analysis was selected to adjust for the change in variance with weights chosen to be proportional to the reciprocal of the variance. We were able to estimate the variance for resistance force as a quadratic function versus % compression and use the reciprocal of this function as the weighting factor. With this weighting factor, a regression model and appropriate confidence intervals could be computed to estimate resistance force as a function of % compression. Because there were three replicates for different cooks, a mixed model was used to fit the regression with replicate as a random effect (PROC MIXED) (SAS Institute. Cary. NC) (Littell et al 1996) .
Sectioning
Samples were encased in paraffin and 20-p.m sections were collected using adhesive tape (Toshiba Machine Co.. Japan) Ls previously described (Ogawa et al 2003a,b) . The tape with section was adhered to a glass slide, face up, using another piece of tape. Sections were made using a rotary microtome (CM 3000 cryostat. Leica, Germany) with disposable blades (Leica model 819) at ambient temperature. The paraffin was removed by treating with xylene for 1 hr and the section was mounted in immersion oil (Type A, Cargille Laboratories, Cedar Grove. NJ).
Imaging
Entire longitudinal or cross-sections were photographed in a stereomicroscope (STEMI-SV8. Zeiss. Germany) using a digital camera (Coolpix 950, Nikon, Japan). Higher magnification fluorescence images were collected using a universal research compound microscope (Zeiss, Germany) equipped with an HBO SOW mercury arc lamp and a UV filter set (BP 365, FT at 395, LP at 397). A compound microscope equipped with a lOx objective lens (DplanApo 10 UV 0.4, 160/0.17, Olympus. Japan) and a digital camera (Coolpix 990, Nikon, Japan) with an adaptor lens (Coolpix MDC lens, Nikon, Japan) was as described previously (Ogawa et al 2003a) . The fluorescence images were inverted digitally.
RESULTS AND DISCUSSION

Cooking
Intact, cooked rice grains, without sectioning or cutting, as shown in Fig. 2 A and B . appear swollen and have a distorted appearance due to differential absorption of water during the cooking process. In sectioned rice grains, interior voids are apparent (Fig. 2  C) . The voids are are probably due to the presence of water inside a preexisting crack or fissure. As the water passes the boiling point, steam is generated, which enlarges the fissure and creates a void in the grain. The voids were described as hollows by Horigane et al (1999) , who proposed that the edges of the cracks become sealed with gelatinized starch during the cooking process. Horigane et al (1999) also noted that the hollows make the endosperm heterogenous and therefore affect the texture of the cooked grain.
Compression
The Six levels of compression (20, 30, 40, 50, 60, and 70%) were employed for cooked rice and the resistance force was measured.
As described previously, due to heterogeneity of the variance, it was necessary to use a weighted model to explain the relationship of resistance force to % compression. A quadratic function described the variance in resistance force relative to % compression very well, with the quadratic term significant at P = 0.005 and higher order terms not being significant. The reciprocal of estimates from this function were used as the weighting factors. Thus, weights used came from this model: Using weights estimated from Eq. 1, the regression of resistance versus percent was very well explained with a quadratic regression model, the quadratic term being significant at P < 0.0001 and no higher order term being significant. A mixed model was fitted using PROC MIXED (Littell et a! 1996) to incorporate the random effect of replicates. However, replicate effect was not significant and was dropped from the final model. The resulting equation is Resistance = 25.2915 Resistance = 25. + 0.2058 x percent + 0.07115 x percent x percent (2) Figure 3 shows data values with the prediction curve from the equation and two sets of confidence intervals (CI). The CI close to the prediction curve represent 95% confidence limits on the prediction value, while those farther away are 95% confidence limits on an individual estimate. It is clear from the widening bands that the variability increases as % compression increases.
Samples for analysis by light microscopy were sectioned in parallel and viewed perpendicular to the direction of compression. The sections were collected from the center of each grain to visualize the effects of compression. As % compression increased, voids in the samples show little change with increasing compression from 20% (Fig. 4 A) to 30% (Fig. 4 B) and to 40% (Fig. 4 Q. Voids begin to visibly decrease in size at 50% (Fig. 4 D) and 60% (Fig. 4 E) and finally disappear at 70% (Fig. 4 F) . At the initial phase of compression, the grain lengthens to accommodate the compression (Fig. 4 A-C) , and small voids become larger and more apparent. As compression increases, voids become smaller (Fig. 4 D,E) as they absorb the energy of the compression. With still more compression, the voids disappear ( Fig. 4 F) ; pressure is exerted more on the dense, starchy material of the grain, and the cells begin to crush. The loss of voids in the grain during compression explains the curvilinear behavior of the resistance force versus compression (Fig. 3) .
The autofluorescent properties of the cell walls can be used to view voids and other general structural features in sections of cooked rice grains (Ogawa et al 2003) . The uncompressed cooked grain consists of voids and relatively intact cells (Fig. 4 A) . The voids are surrounded by cells with disrupted cell walls and, therefore, free starch granules. Starch granules in the disrupted cells have ready access to water and are completely gelatinized with cooking. In accordance with Horigane et al (1999) . this gelatinized starch seals the voids.
The voids and surrounding tissues undergo structural changes during compression (Fig. 5 A-D) . In the uncompressed grain (Fig. 5 A) , the void is relatively narrow and pointed toward the lateral sides. Compression of the grain at 30% (Fig. 5 B) causes the void to become wider in the center and perhaps split more toward the periphery of the grain, while individual cells surrounding the void become only slightly distorted. Compression at 50% (Fig. 5 C) and 70% (Fig. 5 D) decreased void volume, distorted the shapes of the cells, and compromised cell integrity as evidenced by breakage along cell walls. The effects of compression at 50% were less than those at 70%. In a cooked, uncompressed grain, cells are radially oriented and the cells appear to be mostly intact (Fig. 5 E) in areas without voids. Compression of a cooked grain at 70% resulted in rounded cells with surprisingly few disrupted cell walls (Fig. 5 F) . Cell walls are evidently capable of plastic deformation not only upon cooking but with compression as well.
CONCLUSIONS
Physical properties of starch change upon gelatinization during cooking (Juliano 1985) . Starch is more likely to become gelatinized more quickly surrounding the voided areas where cells are broken and starch has free access to heated water. Additionally, some cell walls may be disrupted by the expansion of starch grains that occurs during gelatinization as a result of exposure to high temperatures, along with the presence of water during cooking. Starch exterior to the cell matrix is more likely to leach from the grains during cooking. However, the integrity of most cell walls is maintained, ensuring that starch remains in the cell matrix after cooking. The degree to which grain structure changed during the various compression tests and the curvilinear behavior of resistance force versus % compression indicates that the voids and intact cell walls have an effect on texture, which becomes more pronounced and more variable as compression is increased. Specific textural qualities are associated with particular cultivars or types of rice. Various cultivars differ in the types or volumes of voids (Horigane et al 1999) and may also exhibit some different degrees of cell disruption. 
